The involvement of host factors is critical to our understanding of underlying mechanisms of transposition and the applications of transposon-based technologies. Modified piggyBac (PB) is one of the most potent transposon systems in mammals. However, varying transposition efficiencies of PB among different cell lines have restricted its application. We discovered that the DNA-PK complex facilitates PB transposition by binding to PB transposase (PBase) and promoting paired-end complex formation. Mass spectrometry analysis and coimmunoprecipitation revealed physical interaction between PBase and the DNA-PK components Ku70, Ku80, and DNA-PKcs. Overexpression or knockdown of DNA-PK components enhances or suppresses PB transposition in tissue culture cells, respectively. Furthermore, germ-line transposition efficiency of PB is significantly reduced in Ku80 heterozygous mutant mice, confirming the role of DNA-PK in facilitating PB transposition in vivo. Fused dimer PBase can efficiently promote transposition. FRET experiments with tagged dimer PBase molecules indicated that DNA-PK promotes the paired-end complex formation of the PB transposon. These data provide a mechanistic explanation for the role of DNA-PK in facilitating PB transposition and suggest a transposition-promoting manipulation by enhancing the interaction of the PB ends. Consistent with this, deletions shortening the distance between the two PB ends, such as PB vectors with closer ends (PB-CE vectors), have a profound effect on transposition efficiency. Taken together, our study indicates that in addition to regulating DNA repair fidelity during transposition, DNA-PK also affects transposition efficiency by promoting paired-end complex formation. The approach of CE vectors provides a simple practical solution for designing efficient transposon vectors.
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piggyBac | DNA-PK | paired-end complex formation | transposition efficiency | CE transposon vectors T ransposition allows DNA transposons to serve as powerful genetic manipulation tools. During transposition, DNA transposons follow a "cut-and-paste" manner. A paired-end complex (PEC) is first formed by aligning both ends of the transposon, which is then excised and inserted into new loci (1, 2) . Although the transposon-encoded transposase is suggested to be sufficient for PEC formation, it is unlikely to be the only protein involved in transposition. In fact, many DNA transposons are nonfunctional outside their natural hosts, suggesting the effects of host factors (3) .
piggyBac (PB) is a DNA transposon originally identified from the cabbage looper moth (4) . Modified PB is highly active in mouse and human cells (5) . Because of its potent transposition efficiency and ability to carry large insertions, PB provides unique opportunities for mutagenesis and transgenesis in mammalian systems (6) (7) (8) (9) (10) . Although the PB transposon has a wide host range, including mammals, its transposition efficiency varies in cultured cells from different mammalian species (7, 9) . Thus, host factors may still be involved in the process and influence the efficiency of PB transposition. Understanding the role of host factors is critical to expanding not only our knowledge of the transposition mechanism of PB but also the application of transposon-based technologies.
Results

PB Transposase Binds to
Components of the DNA-PK Complex. To investigate the potential involvement of host factors in PB transposase (PBase)-mediated transposition, we used PBase as bait to identify its binding partners. PBase tagged with streptavidin-binding peptide (SBP) and Flag peptide on its N terminus (SF-PBase) was expressed in HEK293T cells. After sequential purification by Streptavidin Sepharose and anti-Flag M2 affinity resin, PBase with its binding proteins was digested by trypsin followed by tandem liquid chromatography and mass spectrometry (LC-MS/MS) analysis (11, 12) . Nonspecific binding proteins were subtracted by control experiments with empty vector. Among the binding proteins identified through LC-MS/ MS, Ku70 was ranked at the top and two other components of the DNA-PK complex, Ku80 and DNA-PKcs, were also among the top 10 identified proteins (Table S1 ). We thus focused our efforts on the DNA-PK complex for further analysis. To confirm the physical interaction between PBase and DNA-PK complex components, coimmunoprecipitation experiments were performed followed by Western blot analysis. As expected, intrinsic Ku70, Ku80, and DNA-PKcs all coprecipitated with SF-PBase in a DNA-independent manner ( Fig. 1A and Fig.  S1A ). Furthermore, PBase coprecipitated with tagged components of the DNA-PK complex [ Fig. 1 B-D; SBP-and Flagtagged Ku70 (SF-Ku70) and Ku80 (SF-Ku80), and Flag-tagged DNA-PKcs (F-DNA-PKcs)]. These data confirm the physical interaction between PBase and the DNA-PK complex, and suggest that DNA-PK could be involved in PBase-mediated PB transposition.
DNA-PK Expression Significantly Impacts on the Transposition
Efficiency of PB in Mammalian Cells. We next examined whether the involvement of DNA-PK contributes to the variation of PB transposition efficiency in different cell lines. To measure transposition efficiency, plasmid-to-chromosome transposition was induced by expressing PBase in cells transfected with PB carrying puromycin resistance (PB[Puro]3K); drug-resistant cells were then counted and compared with those of PBase-negative experiments as described in our previous publication (5) . The PBase expression level for each cell line was examined and used to normalize the transposition efficiency ( Fig. S2 A and B) . We found that PB is much less active in PIEC, a cell line derived from pig kidney epithelium, than in HEK293T and DF-1 (chicken embryo fibroblast cell line) cells ( Fig. 2A) . Real-time RT-PCR revealed that PIEC expresses components of the DNA-PK complex at levels much lower than HEK293T and DF-1 cells ( Fig. 2B and Table S2 ). We also analyzed PB transposition in mouse embryonic fibroblasts (MEFs). SCID mice are known to have a null mutation of DNA-PKcs, whereas its parental strain, BALB/c, has normal DNA-PK genes (13) . With the same strategy used in cell lines, we found that PB transposition efficiency in SCID MEFs was significantly lower than that in BALB/c control (SCID versus BALB/c: 1/3.45; Fig. 2A ). The correlation between DNA-PK levels and transposition efficiency implicates DNA-PK as a positive regulator of PB transposition in cultured cells.
To confirm the effect of DNA-PK on PB transposition, we used RNAi to knock down each component of the complex in HEK293T cells. Four independent RNAi constructs were tested for each gene before the two most effective ones were chosen for PB transposition efficiency experiments ( Fig. S3 and Table  S3 ). Indeed, knocking down any component of DNA-PK led to a significant inhibition of PB transposition, and a combination of these RNAi constructs together further inhibited the transposition (Fig. 2C) . We further examined the effect of DNA-PK overexpression. Consistent with the knockdown results, overexpression of individual DNA-PK components, especially overexpression of Ku70, Ku80, and DNA-PKcs together, significantly increased PB transposition efficiencies (Fig. 2D) . Similar results were also obtained with overexpression and RNAi knockdown experiments in PIEC cells ( Fig. S4 and Table S4 ). These results indicate that the increased transposition efficiency is unlikely because of a different steady state of PBase (Fig. S5) . Taken together, these data show that DNA-PK promotes PB transposition in cultured mammalian cells.
DNA-PK Affects PB Transposition in the Mouse Germ Line. We next examined whether DNA-PK could also significantly affect PB transposition in vivo, especially in germ-line cells. Specifically, we wanted to learn whether DNA-PK plays a role in PB excision, an early step of transposition. To this end, we generated three mouse lines. First, we generated a Ku80 mutation in our mouse PB insertional mutagenesis screen (Ku80 PB ; Fig. S6A ; the screen will be described elsewhere). The level of Ku80 mRNA in the male germ line of heterozygous mutants (Ku80
) is reduced to half that in wild-type mice (Fig. S6C ). The expression of Ku80 has also been significantly affected by the mutation (Fig.  S6B) . Meanwhile, we generated a PB insertion in a noncoding region (222 PB ) as the wild-type Ku80 control. Third, a commonly used jump starter, the A6 PB insertion, which is located in another noncoding region, was created to serve as the target of excision. These three elements were bred with a PBase transgene expressed in male germ cells (Prm1-PBase), so that A6 PB excision could be followed in the progeny of wild-type females and "Ku80
PB/PB , Prm1-PBase" or "222
, A6 PB/PB , Prm1-PBase" males, respectively (Fig. 3A) . We used genotyping PCR to identify the genotype of their offspring on the A6 site. We found that PB excision efficiency was significantly lower in the Ku80 PB/+ background than that in the 222 PB/+ control (0.89 versus 3.28%; Fig. 3B ). This result indicates that DNA-PK plays an important role in PB excision in vivo.
DNA-PK Contributes to PEC Formation of PB. DNA-PK is a DNAdependent protein kinase complex that plays a key role in nonhomologous end-joining (NHEJ) repair (14) (15) (16) . It binds to DNA double-strand breaks to form a synapsis and recruits other proteins such as the ligase complex (17) (18) (19) (20) . As a central event of transposition, PEC formation is also characterized by a synapsis between both ends of the transposon (21, 22) , and we thus addressed the question of whether PBase interacting with DNA-PK contributes to PEC formation.
We speculated whether PBase binds to PB ends to form the PEC. Fluorescence resonance energy transfer (FRET) could be observed between PBase molecules bound on different ends (Fig. 4C) . Considering that the transposase could exist as a monomer, dimer, or tetramer (22-24), we first analyzed the conformation of PBase expressed in HEK293T cells. Gelfiltration assay of transposon-free lysate or purified PBase proteins revealed that PBase exists predominantly as a dimer ( Fig.  4A and Fig. S7B ). We thus constructed HA-and Myc-tagged PBase dimers (HA-2PBase and Myc-2PBase, respectively) and showed that they are highly active in mediating PB transposition ( Fig. 4B and Fig. S7A ). We then used tandem PBase dimers for FRET experiments. In the experiments, HA-2PBase and Myc2PBase were incubated with circular DNA substrates with or without the purified DNA-PK components. Antibodies labeled with europium (K; see Fig. 4C ) cryptate (FRET donor) and XL665 fluorophores (FRET acceptor) were then used to detect potential FRET. In the absence of PB, no FRET could be detected (Fig. 4D) . When a PB element (PB[Puro]3K) was provided, the first FRET peak could be detected at around 25 min of incubation (Fig. 4F ). When DNA-PK was added, the FRET peak quickly emerged at 5 min (Fig. 4G ). As expected, providing DNA-PK did not generate positive FRET signals in a PB-free system (Fig. 4E ). This result indicated that DNA-PK could promote PEC formation of PB.
PB Vectors with Closer Ends Could Increase Transposition Efficiency
and Compensate the Effect of Low DNA-PK Expression. It is known that the size of the transposon (the length of the sequence contained within the transposon inverted ends) as well as the length of DNA sequences outside the transposon ends affect transposition efficiency (25, 26) . The fact that DNA-PK promotes both PEC formation and transposition raises the possibility that efficiency of PEC formation enhances PB transposition. If this is the case, PB vectors with closer ends (PB-CE vectors; a shorter length of the sequence outside of the two transposon ends in a plasmid) may increase the efficiency of PEC formation and have higher transposition efficiency. Considering the practicality for PB to carry large cargos, we designed PB-CE vectors with the inverted terminal repeats (ITRs) facing in an outward conformation (Fig. 5A ). (Fig. 5A) . Transposition efficiencies of these vectors were scored in SCID MEF cells by a plasmidto-chromosome transposition assay, and compared with those in BALB/c MEF cells. In general, shorter external spacers significantly increased transposition efficiency and diminished the differences between DNA-PK inactive and active cells (Fig. 5B) . Therefore, a shorter distance between PB ends in the vector could compensate the effect of low DNA-PK expression. Shorter external spacers also increased transposition efficiency in BALB/c MEF cells, which are wild-type for DNA-PK (Fig. S8 ), indicating that a lesser distance between PB ends could in general increase transposition efficiency. These data are consistent with previous findings in different transposon systems (25, 26) and support the importance of PEC formation.
Discussion
We have discovered that the DNA-PK complex facilitates PB transposition by binding to the PB transposase and promoting paired-end complex formation. Mass spectrometry analysis and Relative Transcription Level Table S3 . *P < 0.01, **P < 0.001. (D) Overexpression of Ku70, Ku80, or DNA-PKcs facilitates PB transposition in HEK293T cells. *P < 0.05, **P < 0.01. Error bars were plotted by the standard error of the mean (SEM).
coimmunoprecipitation revealed physical interaction between PBase and the DNA-PK components Ku70, Ku80, and DNAPKcs. Overexpression or knockdown of DNA-PK components enhances or suppresses PB transposition in tissue culture cells, respectively. Furthermore, germ-line transposition efficiency of PB is significantly reduced in Ku80 heterozygous mutant mice, confirming the role of DNA-PK in facilitating PB transposition in vivo. Previous studies for Sleeping Beauty and P element also showed that the DNA-PK complex could increase transposition efficiency (27) (28) (29) . The DNA-PK complex is known for its function in regulating double-strand breaks through the NHEJ pathway. It is thought that this DNA repair function of DNA-PK contributes to transposition. Here our data argue that DNA-PK promotes PEC formation and therefore helps PB transposition.
DNA-PK's role in PEC formation was detected by FRET assay. Protein extracts from cells show that PBase exists as a dimer. Therefore, tagging a monomer PBase would not allow detection of FRET between PB ends. We thus made dimer PBase (dimer-PBase). If a monomer PBase binds to each PB terminus and brings the two termini together by PEC formation, then the dimer-PBase would no longer work in promoting transposition. Furthermore, if there is more than one set of PBase dimers at each PB terminus, we would also not see any significant FRET shift. This is because most of the PB transposon DNA would have mixed tagged dimer-PBase molecules bound at their ends and only a minority of the PB molecules would have two Myc-tagged dimer-PBases at one end and two HA-tagged dimer-PBases at the other end. The fact that we detected a significant FRET shift when differently tagged dimerPBases were incubated with the PB transposon DNA suggests that PBase dimers are functional units. This is consistent with our observation that the PBase protein extracts from cells exist as dimers. To functionally verify this, we now used the tagged dimer-PBase in transposition experiments and found that not only are they active in mediating transposition but do so much more effectively than monomer PBase (Fig. 4B) . Together, these data suggest that PBase functions as a dimer unit. Our FRET results indicate that DNA-PK could facilitate PEC formation during PB transposition, providing an explanation for its effect on transposition efficiency. Given that DNA-PK also interacts with transposases from other transposons, including Sleeping Beauty and P element, and is evolutionarily conserved (Dataset S1), it may promote transposition of other transposons in a similar fashion.
The DNA-PK complex is involved in V(D)J recombination. HMGB1 has been reported to help RAG and DNA form loops (30) . Our results have raised the possibility that DNA-PK could also promote PEC formation during V(D)J recombination.
The involvement of host factors is critical to our understanding of underlying mechanisms of transposition and the applications of transposon-based technologies. Our data from cultured mammalian cells and in mice indicate that the DNA-PK complex can bind to PBase and promote PB transposition. Furthermore, our data indicate that DNA-PK could facilitate PEC formation during PB transposition, providing an explanation for its effect on transposition efficiency. We also found that dimerization of PBase provides us a highly active transposase protein, which may owe to its stability. The discovery that the PB closer end vectors could significantly increase transposition efficiency in both DNA-PK deficient (SCID) and normal cells (BALB/c) supports the importance of PEC formation. Consistent with previous discoveries in different vector systems (25, 26) , these data indicate that shorter external spacers increase transposition efficiency and provide a simple practical principle for the design of transposon vectors (31) . Given that the DNA-PK complex is also involved in the transposition of other DNA transposons (27) (28) (29) , the approach using closer end vectors could be applied to other mobile elements for designing efficient vector systems.
Materials and Methods
Mice. All animal procedures were approved by the Animal Care and Use Committee of the Institute of Developmental Biology and Molecular Medicine. Details of the piggyBac insertions in Ku80, 222, and A6 have been published in the PBmice database (idm.fudan.edu.cn/PBmice/), with line names P13qR12/13, 090115222-HRA, and 080429013-HRA, respectively.
Genotyping. The identification of PB insertion mice was performed with three-primer genotyping PCR (two of which flanked the PB transposon on the genome and the third on one side of a PB end). Primers for each insertion site are listed in Table S2 .
Plasmids. The expression vector of human DNA-PKcs (pCMV-F2-K) was a generous gift from David J. Chen (University of Texas). All other expression vectors were constructed with the pcDNA4.1/HisA backbone. In SF-Ku70, SFKu80, and SF-PBase, the SBP and Flag sequences were added upstream of each cDNA. For PBase-Myc, the Myc tag was added downstream of PBase. For HA-2PBase and Myc-2PBase, an SBP and an HA/Myc tag were cloned between two PBase cDNAs.
PB[puro]3K was generated by replacing the neomycin resistance cassette in PB[SV40-neo] with a puromycin resistance marker from pMSCVpuro (Clontech) (5) . It has a 3.5-kb PB element and a 3.2-kb external spacer. PB-CE vectors were generated by inserting a pair of PB ends (PBL and PBR), a puromycin resistance marker from pMSCVpuro, and a spacer of given length between the NotI and ClaI sites of pBluescript II KS. They all have a 6.3-kb PB element. RNAi experiments were carried out with BLOCK-iT Pol II miR RNAi expression vectors (Invitrogen). Composite sequences of all of the constructs are available upon request.
Protein Purification. Cells were lysed in 0.5% Nonidet P-40 Tris buffer (50 mM Tris, 150 mM NaCl, pH 7.5) with protease inhibitor (Roche) and PMSF (Sigma) freshly added following the manufacturer's guide. Immunoprecipitation was carried out by sequentially incubating Anti-Flag M2 Affinity Gel (Sigma) and Streptavidin Sepharose (GE Healthcare) with cell lysate for 3 to 4 h at 4°C. Real-Time RT-PCR. Total RNA from separated male germ cells or cell cultures was purified with TRIzol (Invitrogen) and reverse-transcribed with RNA PCR Kit (AMV) 3.0 from TaKaRa. Real-time PCR was carried out with the Mx3000P thermocycler (Stratagene) with Brilliant II SYBR Green (Stratagene). For comparison of DNA-PK gene expression levels, we designed the primer pairs in the 100% identical region among species. Primer sequences are listed in Table S2 .
Cell Culture. All medium was supplemented with 10% FBS (HyClone) and 100 unit/mL penicillin and streptomycin (Invitrogen). Forty-eight hours after transfection, medium containing 1.5 μg/mL puromycin (Sigma) was used for 2 wk to select PB-positive cells. Surviving HEK293T or PIEC cells were scored by the number of colonies after 0.2% methylene blue staining, whereas surviving MEF cells were counted by FACS.
For testing PB transposition efficiencies, PB circular plasmids (transposon donor) were cotransfected with PBase expression vectors driven by the actin promoter or pcDNA4.1/HisA empty vector as negative control. Fold increase of surviving cells in the presence of PBase (relative integration efficiency) was used to score transposition efficiency. The number of drug-resistant clones with PBase was normalized by its negative control without PBase, which contributed to random integration. PBase expression levels were also used to normalize the final relative integration to diminish the differing expression of PBase in different cell lines. In MEF cells, surviving cell numbers instead of surviving clones were calculated because of the difficulty for MEF cells of forming clones.
Gel Filtration. Cell lysates or purified proteins were separated by Superdex 200 10/30 GL (GE Healthcare) into fractions of 500 μL. PBase was detected by Western blot. Molecular weight was marked by a Gel Filtration HMW Calibration Kit (GE Healthcare).
FRET Assay. Streptavidin Sepharose (GE Healthcare)-purified HA-2PBase and Myc-2PBase from HEK293T cell lysates were mixed with PB DNA in 1× NEBuffer 4 and incubated at 37°C. Formaldehyde was added at each time point to a final concentration of 1% before immediately freezing at −80°C. Micro Bio-Spin chromatography columns (P-6; Bio-Rad) were then used to remove the formaldehyde. Finally, FRET analysis was performed with the HTRF anti-tag reagents toolbox (Cisbio) according to the manufacturer's instructions.
Statistical Analysis. Comparisons of PB excision efficiency at the A6 locus were performed with the χ 2 test. Other comparisons between groups were made by an unpaired two-tailed Student's t test. P values were calculated based on comparison with controls.
PB[puro]50 PB[puro]200 PB[Puro]1000
Am p p u r o Table S3 .
PB[puro] (50~1000)
For knockdown of the components of DNA-PK in PIEC cells, a mixture of siRNAs was designed by Sigma. siRNA sequences are listed in Table S4 .
Overexpression of DNA-PK Components in PIEC Cells. Human cDNA expression vectors of DNA-PK components as used in HEK293T cells were used to promote the transposition efficiency of PB in PIEC cells.
Protein Extraction of Mouse Testis. Testis protein of 8-wk-old mice was extracted by RIPA with freshly added 1 mM PMSF and proteinase inhibitor (Roche). Mouse Ku80 protein was detected by Western blot (Chemicon; AB3744).
Separation of Mouse Spermatogenic Cells. Testis from 8-wk-old mice was treated with collagenase IV (1 mg/mL) in DMEM for 20 min at 37°C and then with 25% trypsin for 2 min at 37°C. After two PBS washes, cells were separated by Percoll density gradients as described (29) . Relative expression level Table S4 . *P < 0.05, **P < 0.01. Error bars were plotted by the standard error of the mean (SEM). Table S4 . siRNA sequences used in PIEC RNAi testing of DNA-PK components siRNA name Mixed siRNA sequence, 5′-3′
PBase-Myc
GAAAGAUGAUGUUCACUCUdTdT si-PK-3
CUUUGCAUAUGAGAUAAUUdTdT Negative control UUCUCCGAACGUGUCACGUTT Dataset S1. Alignment of DNA-PKcs by protein sequence Dataset S1
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